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In electrocyclic ring-opening reactions of cyclobutene analogues,
the geometry of the dienyl products is controlled by torquoselec-
tivity. Houk and co-workers have revealed the effects of various
kinds of substituents on the torquoselectivity of the ring opening
of cyclobutenes, including several heteroatoms.1 It has been shown
experimentally and theoretically that in the transition states, the
orbital interactions between the breaking C-C σ or σ* orbitals and
the appropriate bonding and/or antibonding orbitals of the substit-
uents on the ring strongly influence the torquoselectivity.2 Recently,
we have developed a new olefination method for carbonyl
compounds with ynolates giving multisubstituted alkenes with high
stereoselectivities3 in which the �-lactone enolate intermediates,
i.e., oxetenes, are ring-opened with unusually high torquoselectivity.
In particular, acylsilanes,4 R-oxy- and R-amino ketones,5 and esters6

were olefinated to afford tetrasubstituted olefins with excellent
stereoselectivity.7 This high torquoselectivity is attributed to the
strong orbital interactions between the nonbonding orbital of the
oxygen on the oxetene as well as the breaking C-O σ bond with
antibonding orbitals such as the Si-C σ* orbitals, C-X (X ) O,
N) σ* orbitals in the case of the acylsilanes and the R-oxy- and
R-amino ketones. In other words, electron donating substituents
rotate outward, whereas electron-accepting substituents rotate
inward to afford the stereodefined products (Scheme 1).8

These results are all based on heteroatom-assisted olefinations.
Since the effect of nonpolarized carbon substituents on torquo-
selectivity has not yet been established, the efficient torquo-
selective olefination without heteroatoms on the substituents has
not been achieved. Although Houk and co-workers predicted
that the alkynyl group favors outward rotation (∆Eq(in-out) ) 7.6
kcal/mol) in the ring opening of 3-ethynylcyclobutene, no
experimental results are presently available.9-11 Herein, we
describe the strong substituent effect of alkynyl groups on the
torquoselectivity and the highly stereoselective olefination of
alkynyl ketones with ynolates.

Ynolate 1a, prepared from ethyl 2,2-dibromopropionate with
t-BuLi,12,13 reacted with 1-phenyl-1-heptyn-3-one (2a) at room
temperature for 30 min to afford the tetrasubstituted olefin 3a in a
Z/E ratio of 91:9 (Table 1, entry 1). Encouraged by this result, we
decided to examine the olefination of several kinds of alkynyl
ketones as substrates, as shown in Table 1. The ketones with an
alkyl substituent on the terminal ethynyl group afforded the olefins
with excellent selectivity (entries 2 and 3), while the silylethynyl
ketone provided E-olefins along with a small amount of the minor
Z-isomers (entries 4, 5, and 6), but the acylsilane and the styryl
alkynyl ketone afforded single isomers without any stereoisomers
(entries 8 and 9). Even the highly stereocongested alkene (3f) could
be generated using the tert-butyl substituted ynolate, owing to the
“compact” and highly nucleophilic properties of ynolates. These
results therefore illustrate the first highly stereoselective olefination
of alkynyl ketones resulting in tetrasubstituted olefins. Furthermore,
in this electrocyclic reaction, the alkynyl group prefers outward
rather than inward rotation over the alkyl and alkenyl groups, and
the substituent on the terminal position of the ethynyl group has a
slight effect on the torquoselectivity. However, the olefination of
the alkynyl phenyl ketones (2h, 2i) did not show selectivity (entries
10 and 11), with the alkynyl and phenyl groups rotating outward
to a similar extent.

To clarify the high torquoselectivity, B3LYP/6-31G(d)14 level
calculations were carried out for the ring-opening transition states
of the oxetene (�-lactone lithium enolate which is coordinated by
two molecules of dimethyl ether). The most stable transition states
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Scheme 1. Heteroatom-Assisted Torquoselective Olefination

Table 1. Olefination of Alkynyl Ketones with Ynolates

entry R1 1 R2 R3 2 yield (%) Z:Ea

1 Me 1a Ph n-Bu 2a 69 (3a) 91:9
2 Me 1a t-Bu n-Bu 2b 88 (3b) 95:5
3 Me 1a MPMO(CH2)2 n-Bu 2c 85 (3c) >99:1
4 Me 1a TBS n-Bu 2d 69 (3d) 90:10
5 Ph 1b TBS n-Bu 2d 50 (3e) 96:4
6 t-Bu 1c TBS n-Bu 2d 39 (3f) 95:5
7 Me 1a TMS Me 2e 76b (3g) 95:5
8 Me 1a TBS TMS 2f 75 (3h) >99:1
9 Me 1a TBS trans-PhCH)CH 2g 81 (3i) >99:1
10 Me 1a Ph Ph 2h 98 (3j) 50:50
11 Me 1a t-Bu Ph 2i 97 (3k) 68:32

a The stereochemistry was determined by NOE experiments of the
products or the corresponding derivatives. See Supporting Information.
b The product was 2,3-dimethylpent-2-en-4-yne without the trimethyl-
silyl substituent.
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leading to the E- and the Z-forms are shown in Figure 1.15

According to the calculated ∆∆Gq, the TSE1 is 8.3 kJ/mol more
stable than TSZ1, which is consistent with the experimental results.
The NBO (natural bond orbital) analysis16 revealed the secondary
orbital interactions between the π-orbital of the alkyne and the σ*-
orbital of the breaking C-O bond (A in Figure 2), and between
the π*-orbital of the alkyne and the σ-orbital of the breaking C-O
bond (B in Figure 2). While the orbital interaction A in TSE1 is
13.7 kJ/mol larger than the corresponding interaction in TSZ1, the
interaction B in TSE1 is 3.7 kJ/mol smaller. The interaction between
the σ*-orbital of the C-H bond in the methyl group and the
σ-orbital of the breaking C-O bond (C in Figure 2) also contributes
to the E-selectivity. Consequently, the orbital interaction A
dominates the torquoselectivity.17

The triple bond of the resulting conjugate enyne compounds
could be converted into various functionalities. As an example, the
triple bond was partially reduced via hydrogenation with the Lindlar
catalyst to afford the corresponding conjugate dienes. This hydro-
genation being dependent on the substituents, the sterically hindered
TBS-substituted alkene was thus inert. The nonsubstituted alkyne
was hydrogenated by diimide to provide the tetrasubstituted alkene.
Since these products would not be easy to generate stereoselectively
by other methods, our results demonstrate the synthetic utility of
the olefination.

In conclusion, we have shown the first experimental evidence
of the alkynyl substituent effect on torquoselectivity and
succeeded in effecting the highly torquoselective olefination of
alkynyl ketones to provide functionalized tetrasubstituted olefins.
The triple bond acts as an electron donating substituent in the
torquoselective olefination of alkynyl ketones. This is the first
general and successful example of a carbon-function-controlled
torquoselective olefination.
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Figure 1. The most stable transition states leading to the E- and Z-forms.

Figure 2. Secondary orbital interactions with their energies in kJ/mol by
NBO analysis.

Scheme 2
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